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Ba2YReO6 is a double perovskite material where the Re5+ (d2) ions occupy a frustrated face-centered cubic
lattice. Despite strong antiferromagnetic interactions between the Re ions, as indicated by a large negative
Weiss constant θ = −616 K, spin freezing in Ba2YReO6 only occurs at 45 K. Since no long-range order of
magnetic dipoles has previously been found in either muon spin rotation or neutron diffraction experiments
below this temperature, it has been assumed that the low-temperature state is a spin glass. In stark contrast
with these findings, we here show that Ba2YReO6 does in fact order with a strongly reduced dipole moment
μ0 = 0.29–0.42 μB via a polarized neutron diffraction experiment on a powder sample. Using the symmetries
of the two likeliest magnetic structures and the properties of the 5d2 configuration in the presence of strong
spin-orbit coupling and strong crystal fields, we use a recently derived single-ion wave function for Re5+ to
predict a large quadrupolar moment based on the experimental μo.

DOI: 10.1103/PhysRevB.103.104430

I. INTRODUCTION

Magnetic order in condensed matter is usually thought of
in terms of axial magnetic dipole moments that arise from
unpaired electron spins. When the spin-orbit coupling and
crystal field are both significant, however, entanglement be-
tween the spin and orbital angular momenta can give rise
to robust and strongly interacting higher-rank multipolar de-
grees of freedom [1] that can produce “hidden orders”—so
called because they are invisible to all but a few experimental
probes. These multipolar ordered states have been widely
explored in 4 f - and 5 f -electron magnetic compounds [2],
most famously in URu2Si2 [3], as well as in 3d systems
like V2O3 and Fe2O3 [4,5], but have only recently come to
widespread attention in 5d-electron systems [6–8]. In this
particular case, the spin-orbit term in the single-ion Hamil-
tonian is of a similar order of magnitude to both the Hund’s
and crystal-field terms [9–11], and a range of behaviors can
be realized depending on the balance between these and
the magnetic exchange. This richness is demonstrated by
the phase diagram deduced from a mean-field analysis of
the geometrically frustrated face-centered cubic (FCC) lattice
with two d electrons on each site [12], where the spin-orbit
coupled J = 2 single-ion ground state can produce seven dis-
tinct dipolar and multipolar ordered phases with respect to
the further neighbor ferromagnetic exchange and spin-orbit
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coupling strengths. Several candidate materials for multipolar
order in 5d systems with this magnetic lattice have been iden-
tified in the double perovskite family A2BB′O6. Among these,
cubic Ba2CaOsO6 (Fm3̄m, Os6+, d2) has attracted particular
recent attention [6,7], as it displays an ordering transition at
T = 49 K, but no apparent dipolar magnetic order in neutron
diffraction measurements. Instead, a recent theoretical study
has suggested that the primary order parameter is octupo-
lar and hence that the low-temperature phase corresponds to
ferro-octupolar order [7,13].

A closely related material to Ba2CaOsO6 is Ba2YReO6

(Re5+, d2) [14,15]; the two are not only isoelectronic and
isostructural but also have lattice constants that match within
0.01%. Given these similarities, the magnetic properties
of Ba2CaOsO6 and Ba2YReO6 are surprisingly different,
with the Weiss constant from high-temperature suscep-
tibility indicating considerably stronger antiferromagnetic
couplings in Ba2YReO6 (θ = −616 K) than in Ba2CaOsO6

(θ = −156 K) [15]. These differences extend to the low-
temperature magnetic properties; whereas Ba2CaOsO6 only
undergoes a single magnetic transition, Ba2YReO6 presents
two, as evidenced by broad peaks in the specific heat at
Tu = 45 K and Tl = 20 K [14]. However, both materials share
an apparent absence of magnetic Bragg intensity in neutron
diffraction [6,14,15], which naturally leads to the question
whether Ba2YReO6 also supports magnetic multipoles.

In this paper, we present an experimental study of the low-
temperature state in Ba2YReO6; polarized neutron diffraction
at 1.8 K reveals the presence of several magnetic Bragg
peaks that may all be indexed by an antiferromagnetic
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propagation vector k = (001). Within the mean-field phase
diagram proposed in Ref. [12], the observed peaks are com-
patible with two experimentally indistinguishable magnetic
structures: a noncollinear double-k structure and a collinear
single-k structure. Fits to both models using several ap-
proximations of the Re5+ form factor, as well as density
functional theory calculations, yield an ordered moment be-
tween μo = 0.26 μB and 0.42 μB. Combining this with a
symmetry-adapted wave function for Re5+ in the strong
spin-orbit coupling limit, we find a large chargelike quadrupo-
lar and a smaller, but still significant, magnetic octupolar
moment.

II. EXPERIMENTAL

A 10 g sample of Ba2YReO6 was prepared as described
previously and characterized by x-ray diffraction and SQUID
magnetometry [14,15]. The unit cell constants and bulk mag-
netic properties agree well with those in the literature. For
the polarized neutron diffraction experiments on the D7 in-
strument (Institut Laue-Langevin, France), the sample was
wrapped in thin (<1 mm) strips of aluminium foil to re-
duce beam absorption by Re (absorption cross section σabs =
89.7 barns). The incident wavelength of the neutron beam
was λ = 3.12 Å, resulting in wave-vector moduli κ [16] for
elastic scattering ranging between about 0.4 to 3.85 Å−1. The
transmission of the sample in this configuration was 90%.

XYZ neutron polarization analysis, where the sample scat-
tering is measured for both polarization states of the neutron
beam in three orthogonal magnetic field directions [17,18],
was used to separate the weak magnetic scattering in
Ba2YReO6 from the other components of the cross section.
The six experimental cross sections were first corrected for
detector efficiency and instrument polarization using mea-
surements of vanadium and quartz, respectively. Then, the
cross-section separation was performed using the established
method for a wide-angle planar detector [17]. The average of
the magnetic cross sections isolated from the non-spin-flip and
spin-flip channels, (dσ/d�)mag was used for the subsequent
analysis. Data were collected at 1.8 K and 100 K, above and
below the apparent spin freezing temperatures for Ba2YReO6.
The analysis was carried out using the FULLPROF [19] and
ISODISTORT [20] packages.

III. DIPOLAR MAGNETIC ORDER

The magnetic, coherent and isotope incoherent, and spin
incoherent cross section components extracted from the
method described above are shown in Fig. 1. At 100 K,
the magnetic component shows a broad maximum around
κ = 0.75 Å−1, as well as several anomalies in the κ range
1.2–1.6 Å−1. While the former is likely due to magnetic
diffuse scattering, the latter are spurious features related to
systematic errors in the polarization correction at the nuclear
Bragg positions. An investigation of the spin incoherent cross
section shows anomalies at the same positions in κ , confirm-
ing them as spurious.

When the temperature is reduced to 1.8 K, two sharper
peaks are observed at κ = 0.749(4) Å−1 and 1.055(5) Å−1,
alongside some persisting magnetic diffuse scattering. The

FIG. 1. Nuclear (top), spin incoherent (middle), and magnetic
(bottom) neutron scattering cross sections for Ba2YReO6. The data
in the top two panels were taken at 1.8 K. The magnetic cross section
exhibits anomalies in the shaded regions near nuclear Bragg posi-
tions. At 100 K, the magnetic scattering only shows a broad feature in
the vicinity of 0.75 Å−1. The 1.8 K magnetic data (blue), on the other
hand, show sharp features at κ = 0.749(4) Å−1 and 1.055(5) Å−1.

small magnitude of the peaks relative to the other cross section
components— the ratio of the former to the latter is only
∼0.03—explains why these could not be seen in previous
unpolarized neutron diffraction measurements. Both of the
observed peaks may be indexed by the antiferromagnetic
propagation vector k = (001), corresponding to the X point
in the Brillouin zone of the FCC lattice. The peaks at κ =
0.749 Å−1 and 1.055 Å−1 are then (001) and (110), respec-
tively. This propagation vector has also been seen in numerous
other magnetic double perovskite compounds, where it has
typically been associated with so-called Type I order [21–24],
for which collinear ferromagnetic planes of spins stack anti-
ferromagnetically along the direction of k [Fig. 2(b)]. Type I
order is typically associated with ferromagnetic next-nearest
neighbor exchange.

As a starting point for our analysis, we therefore use the
mean-field phase diagram derived by Chen and Balents (CB)
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FIG. 2. (a) Mean-field magnetic phase diagram with respect to
the ferromagnetic next-nearest-neighbor exchange and quadrupolar
coupling for the d2 face-centered cubic antiferromagnet with strong
spin-orbit coupling, adapted from Ref. [12]. The phases relevant
to the analysis in the text are highlighted in color, with details of
the magnetic symmetry provided in the legend. (b), (c) Magnetic
structures of the collinear AFM100 (so-called Type I) state (b) and
of the �̄ state (c).

with respect to such a ferromagnetic next-nearest-neighbor
exchange J ′ and quadrupolar coupling V for d2 ions on a FCC
lattice [12]. This is reproduced in Fig. 2, along with additional
information regarding the magnetic symmetries and magnetic
structures that is not given explicitly in the original paper.
The seven possible states correspond to three ferromagnetic
dipolar states (FM111, FM110, ∗) with fixed moment direc-
tions, three antiferromagnetic dipolar states (AFM100, � and
�̄), and one antiferroquadrupolar state. All of the magnetic
dipolar ordered states also have an underlying quadrupolar
order, which either leaves the unit cell unchanged (AFM100,
FM111, and �̄) or doubles it (FM110, ∗, and �). The octupo-
lar order follows the dipolar order if octupolar interactions are
not considered.

The absence of a bulk magnetization in measurements
of Ba2YReO6 below Tl , combined with the presence of
antiferromagnetic Bragg peaks, eliminates all three ferromag-
netic orders listed above, as well as pure quadrupolar order.
Three candidate states then remain: the Type-I collinear order,
dubbed AFM100 by Chen and Balents, which occupies a large
region of the phase diagram at small J ′ and V , and two smaller
pockets of noncollinear order at 1 < V < 2 and 0.2 < J ′
< 0.3: the � and �′ states, respectively. These three belong
to the mX +

5 (in Miller-Love notation, �̄ and AFM100)
and mX +

3 (�) irreducible representations (irreps) of the
paramagnetic space group Fd 3̄m1′. Since the mX +

3 irrep is
incompatible with magnetic intensity at the (110) position,
the � state is excluded. The magnetic space group for the
remaining collinear AFM100 state is orthorhombic CAmca
(64.480, BNS notation), while that of the coplanar �̄ state
is PCccn (56.375), and involves two arms of the star of
k = {(100), (001)}. The spin arrangements for both structures
are depicted in Figs. 2(b) and 2(c).

IV. FORM FACTOR AND ORDERED MOMENT

Before the AFM100 and �̄ models can be compared with
the experimental data, a choice must be made for the Re5+

form factor f (κ ), which describes the contribution of the
radial part of the wave function to the magnetic scatter-
ing [25]. We begin by estimating this using f (κ ) = 〈 j0(κ )〉 +
c2〈 j2(κ )〉, where c2 = (2 − g)/g is obtained using either the
experimentally determined Landé factor g = 0.87 from the
high-temperature magnetic susceptibility [15] (assuming a
J = 2 spin-orbit coupled single-ion state), g = 2/3 (J = 2,
theoretical), or g = 2 (spin-only S = 1, theoretical). The latter
two represent the extrema of the possible free-ion form factors
given that resonant inelastic x-ray scattering has shown the
spin-orbit coupling λ is similar in magnitude to the Hund’s
coupling JH [10,11]. The fits are shown along with the as-
sociated f (κ ) in Fig. 3. The corresponding ordered dipole
moments, which are identical for the AFM100 and �̄ [26]
structures, fall in the range μo = 0.26(2)–0.31(2) μB. The
ordered moment is therefore in all cases strongly reduced
from the nominal gS = 1.45 μB or gJ = 1.74 μB (using the
experimental g) for the spin-only and spin-orbit coupled cases,
respectively.

The reduction in the ordered moment can arise from several
different mechanisms. The first possibility is magnetic frus-
tration; in the spin-only double perovskite Sr2MnWO6, for
example, the ordered moment 2.27 μB is much smaller than
gS = 5 μB [27]. The moderate ratio θ/TN = −14 indicates
that frustration also plays a role in Ba2YReO6. On the other
hand, the known strong spin-orbit coupling [10] should lead to
the formation of multipolar moments. Since magnetic neutron
diffraction is only sensitive to odd-rank multipoles when the
ground state is derived from a single J manifold, as is the case
here, the quadrupolar (even-rank) component of the multipo-
lar moment is invisible to our experiments. Furthermore, the
contribution to the form factor from the octupolar moment
f (κ )3 ∼ 〈 j2(κ )〉 − (10/3)〈 j4(κ )〉 is peaked at κ ∼ 5.5 Å−1,
well beyond the experimentally accessible κ . We will return
to the possibility of multipolar moments later. Third, some of
the shortfall could be the result of assuming a free-ion form
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FIG. 3. Magnetic neutron scattering cross section for Ba2YReO6

with fits to models described in the text (solid lines). The corre-
sponding form factors are plotted in the lower panel. The form factor
isosurface from DFT + U + SO is shown for f 2(κ) = 0.1 on the
bottom left.

factor, which is insufficient to describe 5d ions with extended
d orbitals and strong covalency [28]. This is illustrated by the
example of K2IrCl6, where the space group and Wyckoff site
of the magnetic Ir4+ (d4) ions are the same as in Ba2YReO6,
and which shows drastic (up to 50%) departures from the
dipolar approximation even at κ ∼ 1 Å−1 [29]. We attempt
to account for these effects by calculating the 〈 j0(κ )〉 contri-
bution to the dipolar form factor by Fourier transforming the
moment density obtained by density functional theory [30];
see also [31–38]. The delocalization of spin density onto the
O2− surrounding the Re5+ leads to a sharper drop in f (κ )
with increasing κ than in the free-ion case. Fitting results in
a slightly higher χ2 (1.29 versus 1.14 for g = 2) and μo =
0.42 μB (Fig. 3), still significantly lower than the moment
from magnetic susceptibility.

V. MULTIPOLES AND MULTIPOLAR ORDER

Having thus placed bounds on the range of possible
ordered moments in Ba2YReO6, we return to the impli-
cations on the possible underlying multipolar order. From
a recent atomic theory [39], the dipole magnetic moment
is μo = (2/3) sin(2χ ) μB where χ is the mixing angle for
nonmagnetic and magnetic components of the ground state.

The observed dipolar ordered moments μo = 0.26–0.42 μB

are thus consistent with χ = 11.4◦–19.5◦ in the absence
of interactions. This implies that the chargelike quadrupole
∼[3 cos2(χ ) − 1] μB should be large, while the magnetic oc-
tupoles ∼μo μB are smaller but still significant. Although
neither quadrupoles nor octupoles can be observed in the
present experiment, resonant x-ray diffraction should be
sensitive to both. The underlying order expected to be un-
covered in such an experiment is ferroquadrupolar, although
an alternate scenario of antiferroquadrupolar order has also
been proposed [40]. We note that a single-crystal resonant
x-ray diffraction experiment on the 5d1 double perovskite
Ba2MgReO6 has revealed complex quadrupolar order at 33 K
and canted antiferromagnetic order at 18 K [8]. Interestingly,
this material was also thought to have a partially disordered
low-temperature state.

This brings us back to the finite-temperature predictions of
the mean-field Chen-Balents theory for the 5d2 case, which
identifies three possible sequences of phase transitions into
the ground state (Figs. 2 and 4 in Ref. [12]): for a quadrupolar
V > 0.3 and next-nearest neighbor ferromagnetic J ′ < 0.2, a
two-step transition to the AF100 ground state involving an
intermediate antiferroquadrupolar and antiferromagnetic (�)
state is anticipated. Indeed, two transitions (at Tu = 45 K and
Tl = 20 K) are observed in Ba2YReO6, but previous muon
spin rotation (μSR) indicates a large drop in the initial asym-
metry below the upper of these, implying a static dipolar
component. More surprisingly, no change in the relaxation
behavior is observed at the second transition. This implies
that the dipolar field at the muon site changes smoothly across
the transition, despite the large changes in both the dipolar
and quadrupolar orders. Also, no oscillations characteristic
of dipolar long-range order are observed, in contrast with
Ba2MgReO6, where these are paradoxically present despite
the absence of magnetic Bragg intensity in neutron diffraction.
The lack of oscillations in μSR could be related to static dis-
order or persisting dynamical fluctuations, both of which may
also be the origin of the diffuse magnetic scattering observed
in our polarized neutron diffraction.

VI. CONCLUSION

Ba2YReO6 has been studied with polarized neutron
diffraction using the XYZ method [17,18]. The ground state
of Ba2YReO6 can now be assigned as ordered, erasing the
ambiguity of earlier studies. The dipolar component of this or-
der is probably either the collinear (AFM100/Type-I, CAmca)
or noncollinear (�̄, PCccn) antiferromagnetic structures pro-
posed in Ref. [12]. The ordered dipolar moment falls in
the range 0.26–0.42 μB depending on the choice of mag-
netic form factor and is therefore strongly reduced versus
the expected Re5+ moment. The implications of this can
be understood by considering a recently derived local Re5+

wave-function based on the symmetry of the low-temperature
phase, which indicates a large quadrupolar moment, and
hence underlying quadrupolar order. The same may be the
case for other 5d2 systems with reduced ordered moments,
like Ba2LuReO6 [24]. Despite the finding of magnetic order in
Ba2YReO6, the persistence of diffuse scattering in the ordered
phase indicates a fluctuating or disordered component that can
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explain the absence of oscillations in previous μSR studies.
The results are in general strikingly different to Ba2CaOsO6,
where no magnetic intensity was seen at the (001) position
in temperature-subtracted data [6], but muon oscillations are
observed. A deeper understanding of both the single-ion mag-
netism in Ba2YReO6 and Ba2CaOsO6 and their multipolar
orders can be realized once single crystals become available.
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